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ABBREVIATIONS 
AC adenylate cyclase 
BSA 
cAMP 
bovine serum albumin 
adenosine-3',5'-cyclic monophosphate 
CRE cAMP response element 
DMEM Dulbecco’s modified Eagle’s medium 
ERK extracellular signal-regulated kinase 
FBS fetal bovine serum 
GIT1 GRK interactor 1 
GPCR G-protein coupled receptor 
GRK G-protein-coupled receptor kinase 
GST   
GST-H2RCT-WT  
GST- H2RCT-T308
glutathione-S-transferase 
GST fusioned H2R C-terminal tail 
GST-H2RCT-WT truncated 51 of 70 residues 
HA 
HA-cH2RWT 
Hemagglutinin 
HA tagged canine H2R wild type 
HEK human embryonic kidney 
HRP horseradish peroxydase 
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IBMX 
JNK                  
3-isobutyl-1-methylxanthine 
c-Jun N-terminal kinase 
MAPK 
MDC 
mitogen-activated protein kinase 
monodansylcadavarine 
PBS 
pHA-cH2RWT 
pHA-cH2RT308
phosphate buffered saline 
Plasmid DNA of HA tagged canine H2R wild type
pHA-cH2RWT truncated 51 of 70 residues 
PKC protein kinase C 
PLC phospholipase C 
PMF 
SDS-PAGE 
peptide mass fingerprinting 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis 
SRE serum response element 
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1. SUMMARY 
Histamine H2 receptor (H2R) is a member of a superfamily of seven transmembrane 
domain G-protein coupled receptors (GPCRs).  It plays important roles in the 
regulation of multiple physiological events extending from gastric acid secretion to cell 
growth.  Exposure of H2R to agonist results in rapid receptor desensitization and 
receptor internalization.  To understand the role of histamine H2 receptor C-terminal tail 
and its binding proteins at molecular level, I identified 12 proteins that interact with 
C-terminal tail of H2R by proteomic approach.  Among them, I focused on a GTPase 
protein dynamin, which has been known to play a role in endocytosis.  Dynamin could 
associate with H2R in vitro and in vivo.   Functional analyses using dominant-negative 
form of dynamin (K44E-dynamin), which lost its GTPase activaty, revealed that an 
acute response of cAMP production and following desensitization were independent of 
dynamin.  However, the agonist-stimulated receptor internalization was inhibited by 
co-expression of K44E-dynamin.  Furthermore, activation of extracellular-signal 
regulated kinases ERK1/2 in response to H2R agonist dimaprit was attenuated by 
K44E-dynamin.  H2R with truncation of 51 amino acids at its C-terminal tail that does 
not internalize after agonist stimulation could still activate ERK1/2 but the degree of 
activation was less than that of wild-type receptor, K44E dynamin did not affect the 
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activation of ERK1/2 via this H2R internalization-deficient truncation. These results 
suggest that the agonist-stimulated H2R internalization and ERK1/2 activation are 
dynamin-dependent.  Furthermore, ERK1/2 activation via H2R is likely dependent on 
endocytotic process (dynamin-dependent) rather than dynamin itself.
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2. INTRODUCTION 
2.1. G-protein coupled receptors (GPCRs) 
2.1.1. General introduction of G-protein coupled receptors  
G-protein coupled receptors (GPCRs) are a large family of transmembrane 
receptors that transduce various extracellular stimuli, including neurotransmitters (for 
example, acetylcholine, dopamine, serotonin and histamine), hormones (glucagons, 
epinephrine), local mediators (lysophosphatidic acid), phospholipids, photons, odorants 
and taste ligands (Naor, et al., 2000; Kristiansen, 2004).  Through activating four main 
G protein signal pathways, GPCRs play important roles in modulating extensive cell 
functions and are involved in a wide range of diseases directly or indirectly.  GPCRs 
are taget by more than 30% of clinically marketed drugs, while these successful drugs 
exhibit their action at only less than 10% of all known GPCRs (Wise et al., 2002), 
illustrating the poteneial of GPCRs as future targets in drug discovery programs. 
 
2.1.2. Signal transduction pathways of G-protein coupled receptors  
Heterotrimeric G-proteins consist of α, β and γ subunits. Upon activation, the 
G-protein exchanges GDP that is bound to the Gα-subunit for GTP.  According to 
α-subunits, G proteins are divided into four families, represented by Gs, Gi/o, Gq/11 and 
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G12/13. Generally, Gs proteins activate adenylate cyclases (ACs) resulting in a rise in 
intracellular cAMP, whereas Gi members inhibit.  The main route of action of Gq 
members is activation of phospholipase Cβ (PLCβ) isoforms. G12 proteins are 
implicated in the regulation of Ras homology (Rho) guanine nucleotide exchange 
factors (RhoGEFs) and activation of phospholipase D (Neves SR et al., 2002).  Upon 
the release from α-subunits, the Gβγ subunits can activate a broad variety of signal 
transduction pathways ranging from PLCβ, protein kinase D, c-Jun N-terminal kinase 
(JNK), Src and PI-3 kinase, to ion channels (Milligan and Kostenis, 2006).  
 
2.1.3. Desensitization and internalization of G-protein coupled receptors 
Sustained stimulation of GPCRs typically causes receptor desensitization.  
Extensive studies of the β2-adrenergic receptor (which couples to adenylate cyclase via 
Gs) have revealed the importance of agonist-induced receptor phosphorylation for rapid 
homologous desensitization of the receptor (Lefkowitz et al., 1990; Dohlman et al., 
1991; Lattion et al., 1994).  In this case, specific protein kinase, called G-protein 
coupled receptor kinases (GRKs) phosphorylates the receptor in intracellular serine and 
threonine residues that facilitate the translocation and binding of β-arrestin to the 
phosphorylated receptors.  β-arrestin, via their association with the β2-adaptin subunit 
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of the AP-2 heterotetrameric adaptor complex, target GPCRs to clathrin-coated pits and 
induce endocytosis (Ferguson et al., 1996; Zhang et al., 1996; Luttrell and Lefkowitz, 
2002).  In addition, the agonist-induced GPCR internalization occurs through two 
other pathways including 1) caveolae-pathway and 2) dynamin-independent pathway 
(Claing et al., 2000).  Except the roles in receptor internalization, β-arrestin also acts 
as a signaling molecule connecting GPCRs to different downstream effectors.  It can 
form a complex with several signaling proteins, including Src family tyrosine kinases 
and components of the extracellular signal-regulated kinase 1/2 (ERK1/2) and JNK3 
MAP kinase cascades (Lohse et al., 1990; Attramadal et al., 1992; Degraff, et al., 1999; 
Luttrell and Lefkowitz, 2002). By recruiting these kinases to agonist-occupied GPCRs, 
β-arrestins confer distinct signaling activities upon the receptor. β-arrestin-Src complex 
has been proposed to trigger ERK1/2 activation and to mediate neutrophil degranulation. 
By acting as scaffolds for the ERK1/2 and JNK3 cascades, β-arrestins both facilitate 
GPCR-stimulated MAP kinase activation and target active MAP kinases to specific 
locations within the cell (Fessart et al., 2007). 
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2.1.4. Structure of G-protein coupled receptors and the role of its 
C-terminal tail 
GPCRs consist of an extracellular amino-terminus, a region that crosses the plasma 
membrane seven times, thereby generating three extracellular and intracellular loops, 
and an intracellular C-terminal tail. The C-terminal tail of GPCRs is well-known to play 
important roles in G protein coupling and in trafficking of receptor and then induce the 
receptor desensization and internalization (Kraft et al., 2001; EI Kouhen et al., 2001). In 
addition, C-terminal tail of GPCRs are also involved receptor dimerization (White et al., 
1998; Kuner et al., 1999) and regulation of ligand binding (Kunishima et al., 2000).  
 
2.2. General introduction of histamine receptors  
Histamine was isolated from ergot extracts over 80 years ago by Dale and Laidlaw 
(Dale and Laidlaw, 1919) and has been recognized since the 1920s as a major mediator 
of allergic disorders. The mechanism of action of histamine had been unknown until 
1966 when histamine H1 receptor was identified (Ash and Schild, 1966). Knowledge of 
the histaminergic system evolved in gastric acid secretion was known later by 
identification of the histamine H2 receptor (Wosornu, 1971; Preiss and Code, 1975). H3 
receptors are located in the presynaptic sites not only of histaminergic nerves but also of 
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others such as serotonergic, cholinergic and dopaminergic neurons and regulate 
secretion of various neurotransmitters (Arrang et al., 1983; Schlicker et al., 1988; 1992; 
1993; Mochizuki et al., 1994). The recently cloned histamine receptor, H4R, has been 
shown to have a role in chemotaxis and mediator release in various types of immune 
cells including mast cells, eosinophils, dendritic cells and T cells (Oda and Matsumoto, 
2001).  Histamine exerts its actions through these four receptors; they all belong to 
GPCR superfamily. Through different G proteins (H1R by Gq/11, H2R by Gs and Gq, 
H3R and H4R by Gi) they activate different effectors molecules within different second 
messenger systems to produce functional responses (Neves et al., 2002). 
 
2.3. Introduction of histamine H2 receptor  
2.3.1. Physiological and pathological roles of histamine H2 receptor  
Histamine H2 receptor (H2R) is known to play various physiological and 
pathological roles. In gastrointestinal tract, it regulates gastrointestinal motility, 
intestinal secretion and gastric acid secretion (Morini et al., 1993; Hogan et al., 1995).  
Moreover, H2R is predominant histamine receptor subtype in the supraventricular and 
ventricular tissue of various mammalian species, which is known to increase sinus rate 
and force of contraction (Wellner-Kienitz et al., 2003).  Felix et al. had also repoted 
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potential use of H2 agonists in patients suffering from congestive heart failure (Felix et 
al, 1991).  In brain, the high histamine H2R density was found in the cortex, 
hypothalamus and other limbic regions includinding hippocampus and amygdala 
(Pollard & Bouthenet 1992). Previous studies using histamine H2 receptor gene 
knockout (H2KO) mice suggest that H2R is involved in learning and memory processes 
for which the frontal cortex, amygdala and hippocampus interact (Dai et al., 2007). The 
other studies suggest that H2R modulates pain perception in the central nervous system 
(Mobarakeh et al., 2005; 2006). On the other hand, intriguing and potentially exciting 
role for H2 receptor in the regulation of cell proliferation has been reported. Kahlson G 
et al. observed that histamine synthesis could be induced and made available in an 
unstored diffusible form in tissues undergoing rapid growth or repair (Grahn et al., 
1969).  Cimetidine, an antagonist of H2R, improved survival in patients with gastric 
cancer, adding greater potential significance to the role of histamine in cell growth 
(Tonnesen and Hindberg, 1988).  Watson et al. demonstrated that histamine can 
stimulate the proliferation of two gastric carcinoma cell lines (MKN-45, MKN-45G) in 
an H2-specific fashion (Watson et al., 1993). 
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2.3.2. Signal pathway of histamine H2 receptor  
Previous reports have demonstrated that H2R can activate Gs proteins, which in 
turn activate adenylate cyclase. Adenylate cyclase catalyses the formation of cAMP 
from ATP.  The increased intracellular cAMP level leads to enhanced phosphorylation 
of regulatory proteins in the cytosol or cell membrane through activation of protein 
kinase A (Del Valle and Gantz, 1997; Kühn B et al., 1996).  In addition, histamine H2 
receptor can activate phosphoinositide/protein kinase C (PKC) signaling pathways by 
Gq protein (Wang et al., 2000a).  Stimulation of endogenous H2R in hippocampal CA3 
pyramidal cells has been shown to activate the extracellular signal-related kinase (ERK) 
(Giovannini et al., 2003).  Moreover, in HEK293 cells heterologously expressing H2R, 
the agonist-stimulation leads to an increase in c-fos and c-jun transcriptions and cell 
proliferation in partially ERK-dependent fashion (Wang et al., 2000b).  Although these 
previous studies clearly demonstrate the H2R-mediated activation of ERK, the precise 
mechanism still remains unclear.   
 
2.3.3. Structure of histamine H2 receptor  
The gene encoding the histamine H2 receptor was cloned in 1991. Using parietal 
cells mRNA and degenerate primers based on the structural homology of various 
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GPCRs, Gantz et al. cloned the cDNA encoding the canine H2 receptor (Gantz et al., 
1991a). The human (Gantz et al., 1991b), rat (Ruat et al., 1991), guinea pig (Traiffort et 
al., 1995) homologue followed rapidly. As other GPCRs, histamine H2 receptor consists 
of an extracellular amino-terminus, three extracellular and intracellular loops and an 
intracellular C-terminal tail. The Gs binding position in the third intracellular loop and 
ligand binding position in the 2nd, 3rd and 5th transmembrane area (Fig. 1) (Del Valle and 
Gantz, 1997). Compared to H1R, the third intracellular loop is short in H2R, while the 
C-terminal tail cytoplasmic tail is long, suggesting more functions of C-terminal tail.  
 
2.3.4. Desensitization and internalization of histamine H2 receptor 
Exposure of H2R to agonist results in rapid receptor desensitization and receptor 
internalization (Fukushima et al., 1996; Smit et al., 1994; 1995).  The desensitization 
is mediated by G-protein-coupled receptor kinase (GRK) 2 and 3 (Rodriguez-Pena et al., 
2000).  Furthermore, previous studies suggest that the C terminal tail in H2R play an 
important role in receptor internalization.  Pervious report showed that mutant H2R 
lacking 51 amino acids at its C-terminal tail does not affect the histamine binding or 
histamine-induced signaling but affect the receptor internalize after agonist stimulation 
(Smit et al., 1996; Fukushima et al., 1997).  Fukushima also demonstrated that the 
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315th threonine residue is involved in the internalization process (Fukushima et al., 
1997).  In both cases, receptor desensitization is not affected by the mutation, 
suggesting that the C-terminal tail of H2R is not involved in the desensitization process.  
GPCRs internalization is complex processes that occur through several distinct 
pathways including 1) clathrin-coated pit pathway, 2) caveolae-pathway and 3) 
dynamin-independent pathway (Claing et al., 2000).  The exact mechanisms involved 
are largely dependent on the type of GPCRs and even the cell type that is activated. To 
date, it remains unclear through which pathway H2R is internalized.  
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3. AIMS OF THIS STUDY 
The aim of this study is to understand the C-terminal tail of histamine H2 receptor 
and its binding proteins at molecular level.  For this aim, 
1. Proteins that bind to C-terminal tail of H2R were identified by proteomic 
approach. 
2. Roles of dynamin, one of the binding partners of H2R, was further studied 
with respect to its functions in events following H2R stimulation, including 
cAMP production, receptor desensitization, internalization, MAPK activation, 
and serum response element (SRE) activation.
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4. MATERIALS AND METHODS 
4.1. Reagents 
 Histamine dihydrochloride, α-cyano-4-hydroxycinnamic acid, 
monodansylcadaverine (MDC), TRIZMA base and bovine serum albumine were from 
SIGMA.  Dimaprit dihydrochloride was from TOCRIS.  EGTA and EDTA were from 
Dojin (Kumamoto, Japan).  NP-40 was from IWAI KAGAKU (Tokyo, Japan).  All 
other reagents used in this study were from Wako (Osaka, Japan).   
 
4.2. Antibodies 
Mouse anti-dynamin, mouse anti-synapsin I and mouse anti-pERK1/2 antibodies 
were from BD Transduction Laboratories.  Rabbit anti-ERK1/2 was from Stressgen.  
Anti-FLAG M2 monoclonal antibody was from SIGMA.  Rabbit anti-HA tag antibody 
was from Abcam.  Rat anti-HA high affinity monoclonal antibody (clone 3F10) was 
from Roche.  Mouse anti-HA monoclonal antibody (clone16B12) was from 
COVANCE. Fluorescein (FITC)-conjugated goat anti-mouse IgG, 
peroxydase-conjugated goat anti-rabbit IgG and peroxydase-conjugated donkey anti-rat 
IgG antibodies were from Jackson ImmunoResearch.  Horse anti-mouse IgG 
conjugated to horseradish peroxydase (HRP) was from Cell Signaling technology.   
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4.3. Plasmid construction 
The pGEX-5X-2 bacterial expression vector was from GE.  The coding sequences 
for carboxy-terminal cytoplasmic domain (amino acid residues 294-359) and that with 
truncation of 51 amino acids (amino acid residues 294-308) (Figure 3A) of human 
histamine H2 receptor were PCR-amplified and fused with glutathione-S-transferase 
(GST) and then inserted in-frame into pGEX-5X-2.  The pFLAG-MAC bacterial 
expression vector was from SIGMA.  The full-length cDNA for rat dynamin was 
amplified by PCR and cloned into pFLAG-MAC.  The expression vectors for 
HA-tagged full-length canine H2R (pHA-cH2RWT) and for that with deletion of 51 
amino acids at its C-terminal tail (pHA-cH2RT308) were gift from Dr. Fukushima 
(University of Tokyo) (Fukushima et al., 1997).  The mammalian expression vector 
pcDNA3.1 (+) was from Invitrogen.  To construct the mammalian expression vector 
for dominant-negative mutant of dynamin (K44E), the full-length cDNA for rat 
dynamin amplified by PCR was cloned into pcDNA3.1 (+) first, and then this plasmid 
was modified by using QuickChange site-directed mutagenesis kit (Stratagene) to 
generate K44E mutation.  The reporter plasmids pCRE-luc and pSRE-luc, in which the 
firefly luciferase gene is under the control of cAMP response element and serum 
response element, respectively, were from CLONTECH.  The expression vector 
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phRL-TK containing the Renilla luciferase gene under herpes simplex virus thymidine 
kinase promoter was from Promega and used as an internal standard in order to correct 
the transfection efficiency.  All the nucleotide sequences of the plasmids containing 
PCR-amplified DNA were confirmed by dye terminator method using ABI310 
sequencer. 
 
4.4. Cell culture and transfection 
Human embryonic kidney (HEK) 293 cells and COS-7 cells were maintained in 
Dulbecco’s modified Eagle’s medium (DMEM; Sigma) containing 10% fetal bovine 
serum (FBS; MP biomedicals) and 1% penicillin-streptomycin (Invitrogen).  All 
plasmids used for transfections were purified by QIAfilter plasmid kit (QIAGEN).  
Transfection was performed using PolyFect Transfection Reagent (QIAGEN) or 
SatisFection Transfection Reagent (STRATAGENE) according to the manufacturer’s 
instructions.  To make the HA-cH2R stable cell line, HEK 293 cells were transfected 
with pCAGGS mammalian expression vector that carries the HA-cH2RWT expression 
cassette. The positive clone was selected by G418 (800 μg/ml) for three weeks and 
screened for HA tag in the whole cell lysate by immunoblotting.  
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4.5. Affinity purification of the H2R C-terminal tail-binding 
proteins 
4.5.1. Affinity purification 
(Note: Figure 2) 
GST and GST-H2RCT-WT proteins were expressed in E. coli (BL21).  The cells 
were lysed using French Pressure Cell in Tris-buffered saline (TBS: 20 mM Tris-HCl, 
pH7.4, 150 mM NaCl) supplementing with 1 mM DTT, 1 mM PMSF, 1 mM EDTA and 
protease inhibitor cocktail (Complete; Roche).  Cleared bacterial lysates containing 
GST proteins (2.25 mg) were incubated overnight at 4℃ with 1 ml bed volume of 
glutathione sepharose 4B (Amersham Biosciences).  The beads were extensively 
washed with phosphate-buffered saline.  Brains of 3 SD rats (male, 8 weeks old) were 
homogenized in 30 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10% 
glycerol, 1 mM EGTA and 1 mM EDTA) containing Complete EDTA-free protease 
inhibitor cocktail (Roche) and 1 mM DTT.  Triton X-100 was then added to a final 
concentration of 0.5% and the mixture was incubated for 2 h at 4 ℃.  Insoluble matter 
was removed by centrifugation at 15,000 × g for 15 min at 4 ℃.  The supernatant 
was filtered through 5μm filter and applied to the GST column.  The flow-through was 
then applied to the GST-H2RCT-WT column.  Both columns were washed 3 times 
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with 10 ml of lysis buffer containing 0.5% Triton X-100 and 1 mM DTT.  The bound 
proteins were eluted with 10 ml of lysis buffer containing 1 M NaCl, 1 mM DTT and 
0.5% Triton X-100.  The proteins were precipitated with trichloroacetic acid (final 
concentration 10%).  The precipitates were washed with ether/ethanol (1:1) and 
dissolved in SDS-PAGE sample buffer.   
 
4.5.2. Mass spectrometry  
(Note: Figure 2) 
Samples were separated on 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE).  After staining with Coomassie Brilliant Blue, bands of 
interest were excised and cut into small pieces.  Proteins were in-gel reduced, 
S-alkylated with iodoacetamide and digested with sequencing grade-modified trypsin 
(Promega).  The resulting peptides were eluted from gel pieces, concentrated by 
vacuum centrifuge and desalted by C18 reverse phase chromatography (ZipTip, 
Millipore) according to the manufacturer’s instructions.  Peptides were mixed with 
saturated matrix solution (α-cyano-4-hydroxycinnamic acid in 0.1% trifluoroacetic acid, 
50% acetonitrile) and applied to the sample plate.  Samples were allowed to dry at 
room temperature and analyzed by matrix assisted laser desorption ionization time of 
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flight mass spectrometry (Voyager DE STR, Applied Biosystems).  Protein 
identification was done by peptide mass fingerprint method.   
 
4.6. In vitro binding assay 
GST, GST-H2RCT-WT, GST-H2RCT-T308 and FLAG-dynamin were expressed in 
E. coli.  The cells were lysed using French Pressure Cell.  One of the GST proteins 
was mixed with the FLAG-tagged protein in TBS containing 1 mM DTT and 0.5% 
NP-40.  After 60 min incubation at 4℃ the GST protein was pulled-down by using 
glutathione sepharose 4B beads and the proteins associated with the beads were 
analyzed by immunoblotting with anti-FLAG M2 antibody.   
 
4.7. Immunoprecipitation 
The COS-7 cells were transfected with pCAGGS, pHA-cH2RWT or 
pHA-cH2RT308 expression vectors.  Forty-eight hours after transfection, cells were 
washed with PBS and lysed in TBS buffer containing Complete EDTA-free protease 
inhibitor cocktail and 1% of Triton X-100.  Insoluble matter was removed by 
centrifugation at 15,000 × g for 15 min at 4℃.  Then the supernatant was incubated 
overnight at 4℃ with rabbit polyclonal anti-HA antibody.  Samples were incubated for 
 26
1 h at 4℃ with pre-washed GammaBind G Sepharose beads (GE Healthcare).  After 
three washes with TBS buffer containg 0.5% Triton X-100 and a wash with TBS buffer, 
the precipitated proteins were eluted and resolved by SDS-PAGE.  The association of 
the H2R and dynamin was detected by immunoblotting using anti-dynamin antibody.   
 
4.8. Functional assay 
4.8.1. Cell ELISA 
 COS-7 cells in poly-D-lysine-coated plate were transiently co-transfected with 
pHA-CH2RWT and one of the dynamin expression vectors.  After 48 hours of 
transfection, cells stimulated with various concentrations of histamine for 60 min at 
37℃. To detect the effect of MDC on agonist-induced internalization, COS-7 cells 
expressing HA-CH2RWT were incubated with MDC for 30 min and then with dimaprit 
for 30 min; surface receptor was measured by cell ELISA. Cells were then fixed with 
4% paraformaldehyde in PBS for 10 min at room temperature.  After blocking with 
5% non-fat dried milk in PBS cells were incubated with rat anti-HA antibody (clone 
3F10) for 60 min at room temperature.  Following 3 times washes with PBS; cells 
were incubated with HRP-conjugated anti-rat IgG for 60 min at room temperature.  
Cells were washed again and incubated with o-phenylenediamine dihydrochloride 
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solution (Sigma) for up to 20 min at room temperature.  The reaction was stopped by 
the addition of HCl to a final concentration of 0.6 M and the optical density of the 
supernatant was measured at 490 nm.  Cells without transfection were similarly treated 
as the negative control.  The OD value for the negative control was subtracted from 
those for all other samples.  The degree of internalization was expressed as % 
reduction in OD value relative to cells without histamine stimulation.   
 
4.8.2. Flow cytometric analysis of surface receptor 
The 293 cells transiently co-transfected with pHA-cH2RWT and K44E dynamin or 
pcDNA were fixed with 4% paraformaldehyde in PBS for 10 min and stained with 
mouse anti-HA antibody (clone 16B12) followed by incubations with FITC-labeled 
anti-mouse IgG.  The 293 cells without transfection were similarly stained as the 
negative control.  Stained cells were analyzed by FACS calibur (BD Biosciences).  
The formula  {% internalization=100× (positivive cells before stimulation-positivive 
cells after stimulation)/ positivive cells before stimulation} was used to culculate the 
agonist-stimulated internalization of H2R. 
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4.8.3. cAMP production and desensitization 
To detect H2R desensitization induced by pre-incubation with histamine, 293 cells 
were transfected with pHA-cH2RWT.  To investigate if dynamin is involved in agonist 
induced H2R desensitization, 293 cells were transiently co-transfected with 
pHA-cH2RWT and K44E-dynamin expression vector (or pcDNA).  After 48 hr 
transfection, cells were incubated at 37℃ for 30 min in the absence or presence of 10 
μM histamine or dimaprit, washed and incubated with 0.2 mM 
3-isobutyl-1-methylxanthine (IBMX) for 20 min.  Then cells were rechallenged with 
various concentrations of histamine or dimaprit for 5 min.  The reaction was 
terminated by the addition of 0.1 N HCl.  After 20 min incubation at room temperature, 
cAMP in the supernatant was measured by EIA kit (Cayman Chemical Company).   
 
4.9. Signaling pathway assay 
4.9.1. Reporter assay 
The 293 cells plated in a poly-D-lysine coated plate were transiently transfected 
with receptor expression vector (pHA-cH2RWT or pHA-cH2RT308), reporter plasmid 
(pCRE-luc or pSRE-luc), Renilla luciferase expression vector phRL-TK and the 
K44E-dynamin expression vector.  For the control, the same amount of pcDNA3.1 
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plasmid was transfected instead of K44E-dynamin plasmid.  For the measurement of 
CRE activity, 48 hours after the transfection, the serum-containing madium was 
replaced with DMEM containing 0.1% BSA and stimulated with various concentrations 
of agonist for 5 hours.  For the measurement of SRE activity, 24 hours after the 
transfection, the serum-containing madium was replaced with DMEM containing 0.1% 
BSA and incubated for another 24 hours.  Then the cells were stimulated with various 
concentrations of agonist for 6 hours.  The cells were washed once with ice-cold PBS 
and lysed.  The luciferase activity was measured by luminometer (Centro LB 960, 
Berthold) using dual-luciferase reporter assay system (Promega).   
 
4.9.2. ERK1/2 phosphorylation assay 
The 293 cells transiently transfected with pHA-cH2RWT or pHA-cH2RT308 were 
incubated for 18-24 hours in DMEM containing 0.1% BSA before stimulation with 
histamine or dimaprit. To detect the effect of MDC on dimaprit-induced ERK activation 
using HEK 293 cell line stably expresses HA-cH2R. HEK293 cells stably expressing 
HA-cH2R were serum-starved for 18-24 h, preincubated with MDC 30 min and then 
stimulated for 30 min with 100 μM of dimaprit.  Cells were rinsed with ice-cold PBS 
and directly lysed with SDS-PAGE sample buffer.  The phosphorylated ERK1/2 were 
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measured by immunoblotting using anti-pERK1/2 antibody according to standard 
techniques.  Total amount of ERK1/2 in the same sample was measured by using 
anti-ERK1/2.  Activated ERK1/2 was expressed as percentage of phosphorylated 
ERK1/2 to total ERK1/2.    
 
4.10. Statistical analysis 
Data Analysis—The figures shown in this paper are representative of at least three 
independent experiments with similar results.  Statistical analysis was carried out with 
SPSS software (Japanese version 11.0 for windows), all values are expressed as means 
± S.E.M.  Data were analyzed using the Tukey’s test for multiple comparisons, after 
ANOVA.  Statistical analysis between two groups was performed by Student’s t test.  
P values < 0.05 were considered to be significant. 
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5. RESULTS 
5.1. Identification of proteins interacting with the C-terminal tail of 
H2R 
 First, C-terminal tail of the histamine H2 receptor (amino acids from 294 to 359) 
fused with GST were expressed in Escherichia coli BL21. The bacterial lysate was 
separated on SDS-PAGE gel electrophoresis, stained with coomassie (Figure 3B).  
Western blot confirmed these fusion proteins by using anti-GST antibody (Figure 3C).  
Proteins interacting with the H2R were purified by affinity chromatography by using 
GST-H2RCT-WT as bait.  Whole brain homogenate was prepared from rats and 
applied onto the glutathione sepharose 4B column to which the fusion protein is bound.  
The bound proteins were eluted and separated by SDS-PAGE.  As a control, proteins 
that were bound to the column with the GST protein were separated on the same gel.  
The bands identified by Coomassie staining were isolated from the gel and analyzed by 
peptide mass fingerprinting (PMF) method.  Twelve proteins could be identified, 
including dynamin, synapsin and β-tubulin (Figure 4, Table 1).  The observed 
molecular weights of each protein were in good accordance with the reported molecular 
sizes.  To confirm the specific association of these proteins with the H2R C-terminus, 
the affinity-purified protein sample was analyzed by the immunoblotting using the 
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specific antibody against each protein identified by PMF.  Dynamin, synapsin and 
β-tubulin were detected only in affinity-purified protein sample from GST-H2RCT-WT 
column and not from GST column (Figure 5).    
 
5.2. Interaction between C-terminal tail of histamine H2 and 
dynamin 
5.2.1. Dynamin binds directly to the C-terminal tail of H2R in vitro 
Direct interaction of H2R C-terminus with dynamin was examined using 
bacterially expressed proteins.  First, dynamin was modified at its N-terminus to 
include FLAG epitope and expressed in E. coli.  The bacterial lysate was separated on 
SDS-PAGE, then stained with coomassie to visualize the correct expression of FLAG 
tagged dynamin (Figure 6A).  Western blot was also performed to confirm the protein 
by using anti-FLAG antibody (Figure 6B).   
Bacterial lysate expressing FLAG-dynamin was incubated with GST-H2RCT-WT, 
GST-H2RCT-T308 or GST in vitro.  The GST proteins were precipitated using 
glutathione beads and proteins bound to beads were immunoblotted with anti-FLAG 
antibody.  The FLAG-dynamin was co-precipitated with GST-H2RCT-WT but not with 
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GST or GST-H2RCT-T308 (Figure 7).  The result indicates that dynamin can directly 
bind to H2R through its C-terminal tail. 
 
5.2.2. In vivo association of dynamin with H2R 
In order to examine the association of dynamin with H2R in vivo, I next performed 
co-immunoprecipitation experiment.  The lysate from COS-7 cells expressing 
HA-tagged H2R was immunoprecipitated with the anti-HA antibody.  Dynamin was 
co-immunoprecipitated with HA-H2RWT (Figure 8).  In the cells expressing 
HA-cH2RT308 that lacks 51 amino acids at its C-terminal tail, the association was also 
detected.   These results suggest that the H2R interact with dynamin not only through 
its C-terminal tail but also through other region.    
 
5.3. Functional assay 
5.3.1. Dynamin is involved in agonist-stimulated internalization of H2R 
Because dynamin plays a role in endocytosis (Sever, 2002), the role of dynamin in 
agonist-induced internalization of H2R was investigated.  For this purpose, 
dominant-negative form of dynamin (K44E) was used. The receptor internalization was 
investigated by quantifying the amount of surface receptor by cell ELISA method in 
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COS-7 cells transiently expressing HA-cH2RWT.  The amount of H2R at cell surface 
was reduced by 35% after stimulation with 100 μM of histamine, suggesting that the 
receptor was internalized by agonist stimulation. The degree of internalization was 
concentration-dependent (Figure 9A). The effect of other agonist dimaprit is slimily 
(data not shown). As reported previously (Fukushima et al., 1997), the HA-cH2RT308 
lacking most of its C-terminal tail was internalized much less than the wild-type H2R 
(Figure 9B).  In the cells expressing the dominant-negative form of dynamin (K44E), 
the agonist-stimulated internalization was significantly decreased (Figure 9C).  
I also examined the internalization by flow cytometric analysis in 293 cells 
transiently expressing HA-cH2RWT.  The surface receptor was detected by anti-HA 
antibody under non-permeabilized condition (Figure 10A).  In control cells the 
receptor internalized by 24% after the stimulation by 10 μM of histamine (Figure 9B). 
The expression of K44E dynamin reduced the level of agonist-stimulated internalization 
to less than 5% (Figure 10B).  These results suggest that the internalization of H2R 
after agonist stimulation is dynamin dependent.    
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5.3.2. Dynamin is neither involved in processes of adenylate cyclase 
activation nor desensitization 
 Next, I tried to find out a role of dynamin in the signaling process.  The H2R 
couples to Gs protein to activate adenylate cyclase (Del Valle and Gantz, 1997).  The 
response of cellulalr cAMP was measured indirectly by using CRE-luciferase system.  
In 293 cells transiently expressing HA-H2RWT, histamine could increase the cellular 
cAMP level in a concentration-dependent manner.  Co-expression of K44E mutant did 
not change the cellular response of cAMP (Figure 11).   
After the agonist stimulation, the H2R undergoes desensitization of the cAMP 
response.  I therefore investigated whether dynamin is involved in the desensitization 
process.  Without preincubation with 10 μM of histamine, the 293 cells expressing 
HA-H2RWT could increase the cellular cAMP in response to histamine in a 
concentration-dependent fashion.  As previously reported, the preincubation of H2R 
with 10 μM of histamine attenuated the response to the second stimulation with 
histamine (Fukushima et al., 1996).  The degree of desensitization was ~50% at 
concentrations of over 1 μM (Figure 12A).  Co-expression of K44E dynamin did not 
alter the desensitization (Figure 12B).  These results suggest that the dynamin is not 
involved in processes of cAMP production nor desensitization.  
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5.3.3. H2R-mediated activation of ERK1/2 is endocytosis and dynamin 
dependent 
Several studies have demonstrated that the stimulation of H2R could activate ERK 
(Giovannini et al., 2003; Wang et al., 2000a).  In order to examine the possible role of 
dynamin in the machanism of ERK activation following the stimulation of H2R, cellular 
level of phosphorylated ERK (pERK) was measured by immunoblotting.  The 
stimulation of cells expressing HA-cH2RWT with 100 μM of dimaprit for 5 min 
increased the immunoreactivity of pERK.  Co-expression of K44E dynamin inhibited 
the activation of ERK1/2 (Figure 13A).  These results suggest that dynamin is partially 
involved in the process of MAPK activation following the H2R stimulation.  The cells 
with expression of HA-cH2RT308 still responded to dimaprit to activate the ERK, 
however the degree of increase was less than that with wild-type receptor.  The 
inhibitory effect of K44E co-expression was not observed in the cells expressing H2R 
with C-terminal tail truncation (Figure 13B).  These results suggest that the C-terminal 
tail of the H2R is involved in ERK1/2 activation following H2R stimulation and that 
dynamin partially mediates ERK1/2 activation process that is dependent of C-terminus).  
In addition, the role of endocytosis inhibitor MDC in the ERK activation was detected 
in HEK 293 cell line stably expresses HA-cH2R. The inhibitory effect of MDC in the 
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dimaprit-induced ERK1/2 activation was significant (Figure 14B), which consist to the 
effect of MDC in the inhibition of agonist induced H2R internalization (Figure 14A). 
These results conform the ERK activation following the stimulation of H2R is 
endocytosis dependent 
 
5.3.4. H2R-mediated activation of serum response element is partially 
dynamin-dependent 
Previous studies showed that H2R stimulation could activate the serum response 
element (SRE) through protein kinase C-dependent and cAMP-independent mechanism 
(Wang et al., 1997).  In order to find out the role of dynamin in the SRE activation 
pathway, I performed the reporter assay by using the construct containing luciferase 
gene coupled to SRE.  The 293 cells transiently expressing HA-H2RWT or 
HA-cH2RT308 were co-transfected with the reporter plasmid and stimulated with the 
H2R agonist dimaprit.  In the cells transfected with wild-type H2R, dimaprit treatment 
increased the SRE activity by up to 140% in a concentration-dependent manner (Figure 
15A).  The cells with co-expression of K44E dynamin could also respond to dimaprit 
but the maximal response was attenuated to 120% (Figure 15A).  In the cells 
expressing HA-cH2RT308 dimaprit could also activate the SRE but the degree of 
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activation was reduced compared to the cells expressing wild-type receptor.  In these 
cells the expression of K44E dynamin did not alter the SRE response (Figure 15B).  
These results suggest that the C-terminal tail of the H2R is involved in the activation of 
SRE after H2R stimulation and that dynamin partially mediates the SRE activation 
process that is dependent of C-terminus. 
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6. Discussion 
G protein-coupled receptors (GPCRs) form the largest family of membrane 
receptors and transmit diverse ligand signals to modulate various cellular responses. 
After activation by their ligands, some of these G protein-coupled receptors are 
desensitized, internalized (endocytosed) and down-regulated (degraded). Claing et al. 
defined three distinct pathways of GPCR sequestration based on their sensitivity to 
overexpression of GRK-interactor-1 (GIT1) and mutants of β-arrestin and dynamin 
(Claing et al., 2000).  These are: 1) internalization through a GIT1, β-arrestin and 
dynamin-sensitive pathway (β2-adrenergic, β1-adrenergic, μ-opioid, M1-muscarinic 
receptors); 2) internalization through a dynamin-sensitive pathway that is insensitive to 
GIT1 or β-arrestin (VIP1, ETB receptors) and 3) internalization through a pathway that 
is insensitive to GIT1, β-arrestin and dynamin (AT1A, M2-muscarinic receptors).  
Because the exact pathways involved in GPCR internalization are largely dependent on 
the type of receptor, the present studies reinvestigate the mechanisms involved in the 
H2R internalization. Previous studies have shown that Thr315 at the C-terminal tail is 
involved in the agonist-induced H2R internalization (Fukushima et al., 1997). 
Correspond to previous study, our result also shown that the H2R internalization is 
C-terminal tail dependent. Furthermore, our studies first clearly shown that the 
 40
dominant-negative form of dynamin inhibited the agonist-stimulated H2R 
internalization in COS-7 cells and HEK293 cells.  This suggests that the sequestration 
of H2R from cell surface after agonist stimulation occurs through a pathway that is 
dependent on dynamin.  According to the definition described above, pathways 1) and 
2) are dynamin-dependent.  Based on the mechanisms involved, these correspond to 1) 
clathrin coated pit pathway and 2) caveolae-mediated pathway, respectively (Claing et 
al., 2000). It is likely that the H2R internalization takes place through the 
clathrin-coated pit pathway, because I could identify the clathrin heavy chain in 
H2R-C-terminus affinity-purified proteins by PMF method. The immunoprecipitation 
experiment also demonstrated that the association of dynamin with H2R occurs even 
with a truncation of 51 amino acids at its C-terminal tail that completely abolishes the 
receptor internalization.  In addition, the expression of K44E dynamin still showed 
lower frequency of H2R internalization in COS-7 cells and 293 cells investigated by 
both ELISA and flow cytometric analysis (Fig. 10C, 11B). These data suggest that the 
association of dynamin with H2R per se is not sufficient for the internalization event, 
and dynamin-independent internalization maybe exist in H2R, to clear the exact 
mechanism need furthermore study.  
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We next tested whether dynamin involved in the H2R desensitization, the 
expression of K44E dynamin did not alter the acute cAMP production or the 
desensitization of cAMP signaling.  This suggests that dynamin is not involved in the 
immediate response and desensitization processes.  Because the agonist-induced 
internalization is inhibited in the cells with expression of K44E dynamin, sequestration 
of the receptor does not contribute to desensitization.  Previous studies demonstrated 
that the desensitization of H2R occurs even with a truncation of 51 amino acids at its 
C-terminal tail in which the receptor internalization is completely abolished (Fukushima 
et al., 1997), supporting the idea that the desensitization and internalization are 
mediated by independent mechanisms.   
After activation by their ligands, many GPCRs can initiate a second wave of 
signaling, such as the activation of the mitogen-activated protein kinase (MAPK) 
cascades, including extracellular signal-regulated kinase 1 and 2 (ERK1/2). The 
mechanism of activation of MAP kinase signaling pathway by GPCRs is different when 
mediated by different G proteins. How β-adrenergic receptor (mediated by Gs) activates 
MAPKs appears now to be relatively well understood. In this case, binding of  
β-adrenergic agonists to their cognate G protein-linked receptors results in the rapid 
phosphorylation of the agonist-occupied receptor by the G protein-coupled receptor 
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kinase (GRK) and the consequent recruitment of a protein known as arrestin functions 
as an adapter protein, binding both Src and the agonist-occupied receptor, thereby 
promoting the recruitment of the Src kinase to the membrane and its consequent 
activation (Luttrell et al., 1999). The subsequent internalization of β-adrenergic 
receptor-arrestin-Src complexs and their accumulation into clathrin-coated vecicles 
appear to be required for the activation of MAPK (Luttrell et al., 1999; Benard et al., 
2001; Luttrell and Lefkowitz, 2002). The phosphorylation of dynamin, aGTPase that 
participates in the formation of clathrin-coated vesicles, involve in the process of 
receptor internalization (and signaling to MAPK) by Src (Ahn et al., 1999). However, 
receptor endocytosis may not be necessary for the stimulation of MAPK by other 
GPCRs such as bradykinin B2 receptor, muscarinic receptor, α2-adrenergic receptor and 
human κ opioid receptor (Blaukat et al., 1999; Budd et al., 1999; DeGraff et al., 1999; 
Li et al., 1999; Schramm and Limbird, 1999; Whistler and von Zastrow, 1999; Ferguson, 
2001). In the case of H2R, previous reports demonstrated H2R-mediated ERK 
activation (Giovannini et al., 2003b; Wang et al., 2000a).  However it was not clear 
whether the activation of ERK via H2R is dependent of endocytosis.  By quantification 
of immunoreactivity to pERK, I could clearly demonstrate that the H2R stimulation can 
activate ERK1/2 in HEK293 cells transiently transfected with pHA-CH2RWT.  
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Although the cells with expression of HA-cH2RT308 that is not internalized upon 
agonist stimulation still responded to dimaprit to activate the ERK, the degree of 
increase was less than that with wild-type receptor.  These results suggest that the 
endocytosis is important for the H2R-mediated ERK signaling, which corresponded by 
our finding that there is a reduction in ERK activation when endocytosis inhibitor MDC 
inhibits endocytosis. 
On the other hand, in addition to a role in receptor-mediated endocytosis to pinch 
vesicles off from plasma membrane, dynamin has been reported to play a unique role in 
signal transduction. Furthermore, Previous studies report that dominant negative 
mutants of dynamin may prevent the activation of MAPKs by additional mechanisms 
that are indenpent of its ability to inhibit the formation of endocytic vesicle and GPCR 
internalization (Whistler and von Zastrow, 1999). For example, μ-opioid receptor 
stimulated with selective ligand that cannot induce receptor internalization still activates 
MAPK in a dynamin-dependent manner (Whistler and von Zastrow, 1999).  
Alternatively, dominant-negative dynamin K44A that does not alter human 
gonadotropin-releasing hormone receptor (GnRH-R) internalization abolishes ERK 
activation (Hislop et al., 2001).  These reports suggest a distinct role of dynamin as a 
signaling molecule that is independent of its function in endocytosis.  In this study, the 
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activation of ERK1/2 in HEK293 cells transiently transfected with pHA-CH2RWT was 
partially attenuated by co-expression of dominant-negative form of dynamin. However, 
because K44E dynamin inhibits the H2R internalization, it is difficult to discriminate 
whether dynamin itself has a role in ERK signaling.  To address this question, I 
investigated the ERK activation using HA-cH2RT308 that is not internalized upon 
agonist stimulation.  The agonist stimulation of HA-cH2RT308 resulted in less 
activation of ERK1/2 than the wild-type H2R, suggesting that the C-terminal tail is 
involved in the ERK signaling process.  Moreover, K44E dynamin did not affect the 
activation of ERK1/2 via this H2R internalization-deficient truncation (HA-cH2RT308). 
These results suggest that the agonist-stimulated H2R internalization and ERK1/2 
activation are dynamin-dependent. Furthermore, ERK1/2 activation via H2R is likely 
dependent on endocytotic process (dynamin-dependent) rather than dynamin itself. 
Furthermore, because dynamin-dependency and requirement of C-terminal tail of 
the receptor observed in activation of SRE were quite similar to those in ERK signaling 
in the present research, this may indicate the H2R-mediated SRE activation is 
dependent on ERK activation.  Previous report also suggests that H2R-mediated c-fos 
expression is mediated by SRE partially through an ERK-dependent pathway (Wang et 
al., 2000a).  Interestingly, both in cells with K44E dynamin co-expression and in those 
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with C-terminal tail truncated H2R, the activation of ERKs and SRE was not 
completely inhibited.  These results may suggest that there exist some other 
mechanisms that are not endocytosis-dependent. Previous studies demonstrate that H2R 
stimulation leads to an activation of PKC and that second and third intracellular loops of 
the receptor are involved in this signaling (Wang et al., 1998; Wang et al., 2000b).  
This is consistent with our observation that H2R lacking C-terminal tail still can activate 
ERK1/2 and SRE.  Previous reporters show that GPCRs can activate ERK by divers 
signaling pathways, all four Gα subunits (Naor et al., 2000), the βγ subunits, 
receptor-interacting proteins such as Src, β-arrestin, dynamin and transactivation of 
receptor tyrosine kinases by GPCR (lowes et al., 2002) are capable of initiating MAPK 
activation. Based on present results, I suppose endocytosis dependent and independent 
mechanisms are involved in H2R-mediated ERK activation, the former is probably 
mediated by classical β-arrestin dependent Raf/MEK/ERK pathway (Luttrell et al., 
1999). The latter is probably by PKC via Gq pathway or by PKA via Gs pathway (Figure 
16) (lowes et al., 2002). 
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7. Conclusion 
The present study demonstrated that the H2R transiently expressed in HEK293 
cells is internalized via dynamin-dependent mechanisms likely via clathrin-coated pit 
pathway.  Neither acute cAMP signaling nor desensitization of cAMP response was 
affected by dynamin.  In contrast, dynamin is involved in the H2R-mediated MAPK 
pathway possibly by its role in endocytosis.   
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Molecular
Weight (kDa)
Protein name
Accession
number Calculated Observed
Protein
coverage 
(%)
Matching
peptides
Score
Clathrin heavy chain AAA40874 193.2 199 29 41 99 ∗
SNAP-25 interacting 
protein AAF25003 127.2 120 37 40 104 ∗
Contactin precursor BAA07504 114.3 110 23 20 67
Actn I AAH74001 103.1 103 33 28 151 ∗
Dynamin # CAA38397 96.2 95 38 38 87 ∗
Synapsin Ia # AAA42145 73.9 72 36 19 75 ∗
dnaK-type molecular 
chaperone hsp 72-ps1 S31716 71.1 72 27 14 88 ∗
alpha-internexin AAA41444 56.3 55 32 22 88  ∗
Tubulin beta chain # A25113 50.4 50 35 18 80 ∗
2,3-cyclic-nucleotide
3-phosphodiesterase AAH98066 47.2 47 47 21 41
Succinate-CoA ligase
subunit alpha AAA41233 35.4 37 44 15 51
Methylglutaconyl-
CoA hydratase AAH26525 32.9 32 41 17 91 ∗
Table 1.  Proteins identified by peptide mass fingerprinting following affinity 
chromatograghy with H2R carboxy-terminus. 
Accession numbers in MASCOT database are listed
∗ Scores greater than 74 means significant
# Confirmed by western blot
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Fig. 1.  Schematic representation of the 359-amino acid human histamine H2 receptor. Red 
letter show the ligand binding position and green letter show the Gs binding position.
Kuramasu et al., J Pharmacol Sci 101, 7 – 11 (2006)
Fig. 2.  Proteomic approach to search for the C-terminus-interacting proteins. In the first 
step, a crude protein sample is purified by affinity chromatography. Next, the purified proteins 
are separated by SDS-PAGE. The bands of interest are isolated from the gel, digested, and the 
mixture of peptides is subjected to mass spectrometry. Using the mass spectrum, the protein is 
identified by searching for it in a database such as MASCOT.
Fig. 3.  Expression of GST-H2RCT-WT and GST-H2RCT- T308. A, Amino acid sequences 
of caboxy-terminus of wild-type human H2R and deletion mutant T308.  B, Bacterial lysates 
expressing GST-H2RCT-WT and GST-H2RCT-T308 were separated on SDS-PAGE and stained 
with coomassie. Arrows indicate GST fusion proteins. C, GST-H2RCT-WT and GST-H2RCT-
T308 were detected by western blot using anti-GST antibody. Arrows indicate GST fusion 
proteins. 
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Fig. 4. Coomassie stained gel of the proteins eluted from the GST-H2RCT-WT.
Twelve proteins could be identified, the observed molecular weights of each protein were in 
good accordance with the reported molecular sizes.
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Fig. 5.  Identification of proteins that bind to carboxy-terminus of H2R.  Brain 
homogenate was affinity-purified by using GST-H2RCT-WT as bait.  Purified proteins 
were separated on SDS-PAGE and immunoblotted with anti-dynamin, anti-synapsin, and 
anti-tubulin antibodies.  Sample purified by GST was used as a control. 
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Fig. 6.  Expression of FLAG-dynamin. A, Dynamin was modified at its N-terminus to 
include FLAG epitope and expressed in E. coli.  The bacterial lysate was detected by 
coomassie staining. B, Correct expression of FLAG tagged dynamin was confirmed by 
western blot using anti-FLAG antibody.
Fig. 7.  Dynamin directly binds to carboxy-terminus of H2R.  Bacterially expressed GST 
fusion proteins were incubated with FLAG-tagged dynamin in vitro and pulled down with 
glutathione beads.  Proteins were separated on SDS-PAGE and immunoblotted with anti-
FLAG M2 antibody.  Lower panel shows Coomassie staining of the same blot indicating almost 
equal amount of GST fusion proteins were included. 
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Fig. 8.  Heterologously expressed H2R associates with endogenous dynamin in COS-7 cells.  
COS-7 cells transiently transfected with pHA-cH2RWT, pHA-cH2RT308 expression vectors, or 
vacant vector (pCAGGS) were lysed and immunoprecipitated with anti-HA antibody. COS-7 
cell lysate as control. Precipitated sample was separated on SDS-PAGE and immunoblotted
with anti-dynamin or anti-HA antibodies. 
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Fig. 9.  Agonist-stimulated H2R internalization is dynamin-dependent.  Amount of cell 
surface receptor was measured before and after the stimulation with histamine by cell ELISA.  A, 
Internalization of H2R is concentration-dependent.  COS-7 cells expressing HA-H2R-WT were 
incubated with various concentrations of histamine for 30 min and surface receptor was 
measured by cell ELISA.  The graph represents how much percent of surface receptor was 
decreased after agonist stimulation.  B, H2R lacking 51 amino acids at its carboxy-terminus does 
not internalize.  COS-7 cells were transfected with expression vectors for pHA-cH2RWT and 
pHA-cH2RT308 and stimulated with 100 μM of histamine for 30 min.  C, Co-expression of K44E 
dynamin inhibits agonist-induced H2R internalization. Data shown are mean ± SEM. Statistical 
analysis between groups by Student t test (n=3). ∗p < 0.05
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Fig. 10. Agonist-stimulated H2R internalization is dynamin-dependent.  A, Left panel 
represents the dot plot of negative control cells.  Right panel shows the plot from HA-cH2R 
expressing cells, indicating positively-stained cells in the red flame.  B, HEK293 cells 
transiently expressing HA-cH2RWT were co-transfected with pcDNA3.1 vector or K44E 
dynamin expression vector and stimulated with 10 μM of histamine for 30 min. Data shown 
are mean ± SEM. Statistical analysis between groups by Student t test (n=3). ∗p < 0.05
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Fig. 11.  K44E dynamin has no effect on agonist-stimulated cAMP.  The acute response of 
cAMP signaling was measured indirectly using CRE-luciferase system.  HEK293 cells co-
transfected with CRE-luciferase reporter, HA-cH2RWT, and K44E dynamin plasmids were 
stimulated with various concentrations of histamine for 5 h (closed circle).  For control (opened 
circle), cells were transfected with pcDNA instead of K44E dynamin.  Data shown are mean ±
SEM (n=3). 
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Fig. 12.  Dynamin is not involved in desensitization of cAMP signaling.  A, HEK293 cells 
transiently expressing HA-cH2RWT were pre-incubated with or without 10 μM of histamine 
for 30 min and then stimulated with various concentrations of histamine for 5 min.  Data 
represent fold increase of cAMP production to unstimulated cells.  B, Cells co-expressing K44E 
dynamin were treated in similar protocol and accumulation of cAMP was measured.  Data 
indicate how much percent of cAMP accumulation was decreased by the pre-incubation with 10 
μM of histamine. Data shown are mean ± SEM (n=3). 
Fig. 13.  H2R-mediated activation of ERK1/2 is endocytosis-dependent.  HEK293 cells co-
transfected with H2R expression vector (pHA-cH2RWT or pHA-cH2RT308) and K44E 
dynamin (pcDNA or K44E) were serum-starved for 18-24 h and stimulated for 30 min with 100 
μM of dimaprit.  Phosphorylated (top) and total (bottom) ERK1/2 in whole-cell lysates were 
determined by immunoblotting.  A, Representative result is shown.  B, Data from three 
independent experiments were summarized as mean ± SEM. Statistical analysis between 
groups by one-way ANOVA followed Tueky’s test (n=3). ∗p < 0.05
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Fig. 14.  H2R-mediated activation of ERK1/2 is endocytosis-dependent. A, Internalization 
of H2R is inhibited by endocytosis inhibitor(MDC).  COS-7 cells expressing HA-H2R-WT 
were incubated with MDC for 30 min and then dimaprit for 30 min, surface receptor was 
measured by cell ELISA. B, HEK293 cells line stably expressing HA-cH2R were serum-
starved for 18-24 h, preincubated with MDC 30 min and then stimulated for 30 min with 
100 μM of dimaprit. Phosphorylated (top) and total (bottom) ERK1/2 in whole-cell lysates
were determined by immunoblotting. Representative result is shown (upper). Data from 
three independent experiments were summarized as mean ± SEM (down). *p < 0.05
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Fig. 15.  H2R-mediated activation of SRE is partially endocytosis-dependent.  A, HEK293 
cells co-transfected with H2R expression vector pHA-cH2RWT and K44E dynamin or pcDNA.  
B, HEK293 cells co-transfected with pHA-cH2RT308 and K44E dynamin or pcDNA. SRE-
luciferase reporter plasmid were serum-starved for 18-24 h and stimulated for 6 h with various 
concentrations of dimaprit.  Data shown are mean ± SEM.  Statistical analysis between groups 
by one-way ANOVA followed Tueky’s test (n=3). ∗p < 0.05
( A )
( B )
Dimaprit
Dimaprit
∗
90
100
110
120
130
140
150
1 μM 10 μM 100 μM 
SR
E
 a
ct
iv
at
io
n 
(%
 c
on
tr
ol
)
HA-cH2R WT+pcDNA
HA-cH2R WT+K44E
90
100
110
120
130
140
150
1 μM 10 μM 100 μM
SR
E
 a
ct
iv
at
io
n 
(%
 c
on
tr
ol
)
HA-cH2R T308+pcDNA
HA-cH2R T308+K44E
Fig. 16. Model summarizing the multiple signaling pathways following stimulation of 
histamine H2 receptor.  Agonist binding leads to activation of AC and PLC through Gs and Gq, 
respectively.  Activation of H2R also leads to H2R desensitization through mechanisms mediated 
by GRK2/3. These processes are not dynamin-dependent. β-arrestin presumably binds to 
phosphorylated H2R and target H2R to the clathrin-coated pit.  The H2R is subsequently 
internalized in a dynamin-dependent manner. The H2R stimulation also leads to the activation of 
ERK and SRE. Endocytosis dependent and independent mechanisms are involved in these 
processes.  The former is probably mediated by β-arrestin that recruits Src and activate 
Raf/MEK/ERK pathway. The latter is possibly mediated by PKC via Gq pathway or by PKA via 
Gs pathway.  AC, adenylate cyclase; cAMP, adenosine-3',5'-cyclic monophosphate; PLC, 
phospholipase C; Src, Src family tyrosine kinases; Raf, MAP kinase kinase kinase. Arrows, 
positive stimulation; dashed lines, not established in present study directly.
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